Advances in energy harvesting hardware have created an opportunity for realizing self-powered wearables for continuous and pervasive human activity recognition (HAR). Unfortunately, the power requirements of the continuous activity sensing using accelerometer sensors and the burdensome on-node classification are relatively high compared to the amount of power that can be practically harvested, which limit the energy harvesting's usefulness. This thesis proposes a novel paradigm for HAR, which employs kinetic energy harvesting (KEH) and infers human activities directly from the KEH patterns. This novel approach guarantees energy neutrality by eliminating the need for powering accelerometer and reducing the on-node classification overhead, moving us closer towards self-powered autonomous activity monitoring wearables.
INTRODUCTION
Recent advancements in wearable devices enable a wide range of activity-aware services in various domains, including healthcare [1] , indoor positioning [2] , and fitness management [3] . Particularly, wearables-based human activity recognition (HAR) has recently become the focus of intense research and development, thus producing a wealth of tools and algorithms to accurately detect human activities from * A full version of this paper is available as a PhD thesis at UNSW Digital Library.
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. data collected by the wearables. However, the major challenge of wearable devices is the battery lifetime. Batterypowered wearables cannot provide sustained operation without frequent charging. Over the past few years, a research trend in energy harvesting (EH) has emerged and gained the attention of the research community [4] . EH is a process of converting ambient energy such as kinetic, thermal, solar, etc, into electrical energy. Of all ambient energy options, kinetic energy harvesting (KEH) is the most relevant for wearables because it can power the wearable directly from human motion making it self-powered. Advances in KEH hardware have motivated us to consider the concept of self-powered wearables for continuous and pervasive HAR, where numerous wearable tiny devices continue to sense and monitor the human on a permanent basis.
However, the most fundamental issue with KEH is the low power output [4] . The amount of power that could be practically harvested from human motion is too small to power all necessary functions of HAR. A typical HAR process needs power for accelerometer measurements at a high sampling rate and classification processing, in which a classifier detects human activities by analysing features extracted from the accelerometer data. A radio transmitter is also used for occasional communications with a nearby sink. How to achieve HAR using KEH wearables is indeed an extremely challenging problem that requires innovative sensing and communication solutions. The aim of this thesis is to study the limitations of KEH wearables for HAR and propose new solutions to overcome these limitations and therefore enabling self-powered activity monitoring wearables.
PROPOSED APPROACH
We propose a novel paradigm for practical and efficient HAR that may potentially overcome the power limitation of KEH, towards self-powered autonomous activity tracking wearables. Although the primary purpose of KEH is to convert ambient kinetic (vibration) energy into electric power, in principle, it could be also used as a potential sensor to detect or identify the source of the vibration. The ability to detect the vibration source can lead to many potential applications for the KEH hardware beyond its primary use of energy harvesting. The underlying idea lies in the fact that different ambient vibrations generate energy in a different way producing different energy generation patterns in the KEH circuit. Therefore, the generated KEH patterns can be directly used to infer rich information without using any other sensors such as accelerometers which need continuous power to operate. Because no actual sensor is needed, a significant percentage of the limited harvested energy can be saved. The contributions of our research can be summarised as follows:
HARKE: HAR from Kinetic Energy
We propose a novel approach for realising HAR in a kineticpowered device. Our novel approach employs KEH and infers human physical activities, such as walking, running, etc, directly from the KEH patterns [5] . Our proposal eliminates the need for accelerometer, making HAR practical for selfpowered devices. We use both mathematical modeling and real hardware prototype to examine KEH patterns. Our examination shows that the generated KEH signal switches to clearly distinguishable patterns as the user changes her activities. Using extensive data collected from ten different subjects, for five common activities in our daily life, we demonstrate the effectiveness of using KEH patterns as new source of information for HAR. We further analyse the energy savings due to the removal of the accelerometer and we show that HARKE saves up to 72% of HAR power consumption in a kinetic-powered wearable [6] .
Energy Neutral Wireless HAR
We further reduce both on-node classification and communication overhead by introducing a new method that guarantees energy neutrality. We use the KEH accumulated in a fixed-length time window to transmit an unmodulated signal, called an "activity pulse". Because different human activities generate power at different rates, the transmission and receiving signal strengths are different among different activities. Thus, those signal strengths can be used to classify the activities. Energy neutrality is guaranteed because the transmission power of the activity pulse only uses the amount of energy harnessed in the last time window, and no additional energy is required to power any sensing or classification components in the wearable device. Using a real dataset collected from a KEH wearable coupled with a Bluetooth prototype, an overall accuracy of 91% is achieved when the distance between the transmitter and the receiver is set to 30 cm [7] .
Step Counting from KEH Patterns
Step counting is increasingly being used in monitoring health and fitness, as well as indoor positioning applications. We show that KEH patterns are not only informative for recognising the user's activity (e.g. walking) but it can also identify each step the user has walked. To validate this concept, we collected KEH patterns from four subjects under different walking scenarios, including walk along straight and turning paths as well as descending and ascending stairs, covering a total of 570 steps. We found that, like acceleration, the generated KEH patterns also exhibit distinctive peaks for steps, which can be detected accurately using widely used peak detection algorithms.
Step counting from KEH patterns could be achieved with an overall accuracy of 96% [8] .
EH-based Hotword Detection
Detecting hotwords, such as "OK Google", is a recent method used by voice control applications to allow verbal interaction with devices by delineating user commands from background conversations. Pervasive hotword detection requires continuous sensing of audio signals, which results in significant energy consumption when a microphone is used as an audio sensor. We conduct the first experimental study to validate the feasibility of using the vibration EH (VEH) patterns generated from human speech as a potential new source of information for detecting hotwords, such as "OK Google". Our analysis illustrate that hotwords can be detected from the power generation patterns of VEH circuits with up to 85% accuracy, which is comparable to accelerometer-based hotword detection [9] . Unlike existing sensors, like microphones, or accelerometers, VEH does not consume as much power, enabling pervasive voice control at minimum energy cost.
CONCLUSIONS
This thesis investigates the power limitation of KEH when it is used to power wearable devices. The undertaken research demonstrates the effectiveness of using the generated KEH patterns as a potential new source of information for human activity recognition , step counting, and hotword detection. We believe that our findings in this thesis will open the door for a new direction of research and development to realise the vision of pervasive self-powered HAR, moving us closer towards self-powered autonomous activity monitoring wearables.
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